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Benzoic acid-organocatalyzed ring-opening (co)
polymerization (ORO(c)P) of L-lactide and ε-
caprolactone under solvent-free conditions: from
simplicity to recyclability†

Leila Mezzasalma,a,c Julien De Winter, b Daniel Taton *c and
Olivier Coulembier *a

The development of sustainable synthetic approaches to biodegradable and biocompatible polymeric

materials represents a key challenge in polymer chemistry. A novel solvent-free and organocatalyzed

ring-opening (co)polymerization (ORO(c)P) method utilizing benzoic acid(BA) as simple thermostable car-

boxylic acid-type catalyst is proposed to not only produce structurally well-defined aliphatic homopoly-

esters derived from L-lactide (L-LA) and ε-caprolactone (CL), but also and, unexpectedly, statistical co-

polyesters based on the two monomer units. RO(c)P reactions were conducted in bulk in a temperature

range of 155–180 °C, in presence of alcohols as initiators. A triblock copolymer, namely, PLLA-b-PCL-b-

PLLA, was also synthesized, attesting to the “controlled/living” character of this BA-OROP process.

A bifunctional mechanism is proposed to operate, involving activation of both the monomer and the

propagating hydroxyl by H-bonding. Very importantly, the BA organocatalyst could be readily recycled by

simple sublimation and could be reused in further organocatalytic cycles.

Introduction

Poly(lactide) (PLA) and poly(ε-caprolactone) (PCL) are represen-
tative aliphatic polyesters that have received considerable
attention in the past decades, as potential bio-sourced alterna-
tives to petroleum-based polymeric materials.1–3 Owing to their
intrinsic biodegradable, nontoxic and biocompatible pro-
perties,4,5 both PLA and PCL have found a growing interest in a
wide panel of potential applications, including in biomedical
and pharmaceutical,4,5 electronic,6 automotive7 or packaging8

fields. However, both polymers suffer from some drawbacks that
still limit their widespread adoption in industry. For instance,
PLA is a high Young modulus brittle material exhibiting poor
elasticity,9,10 high degradation rate11 and poor drug per-
meability.12 PCL shows opposite properties to PLA, with a good
elasticity and permeability,12 slow degradation rate,11 but with

poor mechanical properties.10,13 Therefore, statistical aliphatic
copolyesters based on LA and CL monomer units is often seek
for to optimize thermo-mechanical and biodegradable properties
of related materials and broaden their application scope.14–20

Synthesis of PLA and PCL is typically achieved by ring-
opening polymerization (ROP), while statistical copolyesters
can be obtained by ring-opening copolymerization (ROcP).
Both ROP and ROcP reactions generally employ heavy metal-
based complexes as catalysts providing high activity and
selectivity.1,13,21,22 However, the development of catalytic
systems enabling statistical copolymerization of LA and CL is
particularly challenging, owing to the highly differing reactivity
between the two monomers in ROcP, LA being preferentially
incorporated first, which generally results in the formation of
gradient-type copolymers.22

Organocatalysts have been introduced in polymer synthesis
as they offer many advantages over metallic catalysts, including
a reduced toxicity and cost, and easier synthesis and storage.
As organocatalysts lead to metal-free polymers, this is particu-
larly relevant in specific applications, such as microelec-
tronics, biomedical or cosmetics. A variety of small organic
molecules, including Brønsted/Lewis bases and acids, have
thus been employed to catalyze the polymerization of miscella-
neous monomers.23–29

While in solution and at working temperatures generally
low, LA is preferentially incorporated in ROP utilizing basic,
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nucleophilic and/or bifunctionnal organocatalytic systems, the
latter prove unstable under solvent-free conditions and/or at T
> 150 °C. They can also generate some coloration and decrease
the thermal properties of the final material.30,31 Besides, only
two strong organic acid catalysts, namely, trifluoromethane
sulfonic acid (TfOH),32,33 and diphenyl phosphate (DPP)34

have been reported to control the ROP of LA, and only DPP has
enabled the ROP of LA to be carried out in bulk at 130 °C;
though, no detailed investigation into the control of the
polymerization has been described.34

Basic organocatalysts can be employed for the ROP of CL
when combined with a co-catalyst, e.g. a thiourea35–38 or an
urea37,38 allowing for a fast and controlled process. Acidic
organocatalysts, such as sulfonic39 and phosphoric acid,40–42

prove particularly efficient to trigger the organocatalyzed ROP
(OROP) of CL.

Weaker acidic catalysts, namely, carboxylic acids, such as
trifluoroacetic acid, and naturally occurring α-hydroxyacids,
such as lactic acid, citric acid, mandelic acid, tartaric acid,43–47

and other α-amino acids46,48–50 have also attracted some inter-
est in OROP of LA and CL over the last 15 years. This is due to
their broad availability as well as their air, moisture and
thermal stability. Interestingly, some carboxylic acids enable
the ROP process to be performed under solvent-free con-
ditions, which is of prime relevance in a context of green
chemistry.43–47 Complex polymer architectures, including
star-43 and dendrimer-like PCLs44 or graft copolymers can even
be obtained via such an organocatalyzed pathway. The car-
boxylic acid-OROP of CL can be typically performed in bulk at

120–160 °C.43–47 Strangely enough however, the simplest aro-
matic carboxylic acid, namely, benzoic acid (BA), a highly ther-
mally stable51 and naturally occurring compound, has not
been investigated as such in OROP. In contrast, stoichiometric
combination of BA and 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) as superbase, despite forming a stable salt in solution,
has proven efficient in controlling the ROP of LA in dichloro-
methane at r.t., with BnOH as initiator.52 More recently, Guo
et al. have resorted to BA derivatives featuring hydrogen bond
donating substituents, e.g. 2,4-dihydroxybenzoic acid, o,o-bis
(pivalamido)benzoic acid or 3-amino-1,2,4-benzothiadiazine-
1,1-dioxide, for the OROP of cyclic esters in solution at r.t.53–55

Catalyst recycling represents another challenge that remains
to be tackled in polymer synthesis by organocatalysis, and only
a handful of reports have addressed this point.44,46,56–58 In the
present study, we describe the catalytic activity of BA towards
OROP of CL and L-LA (LLA) carried out in bulk in a temperature
range of 155–180 °C, and in presence of alcohols as initiators.
The OROcP of LLA and CL is also reported as a means to
achieve statistical copolyesters. Moreover, advantage of the capa-
bility for BA to sublimate is exploited to recycle and reuse it in
further organocatalytic cycles, affording chemically pure PCL-
and PLLA-based aliphatic (co)polyesters.

Results and discussion
Investigations into the BA-OROP of LLA and CL

The catalytic activity of BA was first assessed for the OROP of
CL, reactions being performed at 155 °C in bulk in presence of
1,4-butanediol (BD), 1,6-hexanediol (HD), benzyl alcohol
(BnOH) and poly(ethyleneglycol) (PEG1000; Mn = 1000 g mol−1)
as initiators (Scheme 1, Table 1). Polymerizations were first
evaluated with BD targeting a total degree of polymerization
(DPtot = [CL]0/[BD]0) from 25 to 100. The catalytic loading effect
was also investigated for a DP of 25 with 2.5–10 mol% of BA
rel. to CL (Scheme 1, entries 2 to 6). While no reaction took
place in absence of BA (entry 1), quantitative conversions were
reached within less than 7 h, demonstrating the catalytic
ability of BA to promote OROP of CL at high temperatureScheme 1 BA-OROP of CL.

Table 1 Results and conditions of the BA-OROP of CL in bulk initiated by different alcoholsa

Entry I Catb (%) [M]0/[I]0 Time (h) CM
c (%) Mn,SEC

d (g mol−1) Đd DPth
e DPexp

f

1 BD 0 25 22 — — — — —
2 BD 2.5 25 4.5 97 4340 1.17 24.3 23.8
3 BD 5 25 2 93 4170 1.12 23.2 21.3
4 BD 10 25 1.25 94 4180 1.14 23.5 23.0
5 BD 5 50 4 93 8230 1.23 48.3 43.3
6 BD 5 100 7 94 16 910 1.33 93.7 93.6
7 BnOH 5 25 3.8 89 4538g 1.25g 22.2 21.4
8 PEG 5 50 7.8 95 7780g 1.41g 47.6 n.a.

a Reactions were performed in bulk at 155 °C under argon atmosphere with reaction conditions: mCL = 200 mg. b Catalyst percent related to
monomer. c CL conversions were determined by 1H NMR analysis. dUncorrected number average molar mass (Mn,SEC) and dispersity (Đ) of crude
polymers as determined by SEC chromatography (polystyrene standards) at 313 K and THF as eluent. e Theoretical degree of

polymerization DPth ¼ ½M�0
I½ �0

� CM.
f Experimental degree of polymerization calculated from PCL chain ends as determined by 1H NMR.

gDetermined by SEC chromatography (polystyrene standards) at 308 K and THF/NEt3 (2 wt%) as eluent. n.a.: not available.
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under solvent-free conditions. Analyses by 1H NMR spec-
troscopy evidenced the formation of α,ω-bis-hydroxy telechelic
PCL’s, irrespective of the initial experimental conditions
(Fig. S1†). Of particular interest, colorless semi-crystalline
compounds (Tg ≈ −60 °C and Tm ranging from 50 °C to 58 °C,
as determined by DSC, Fig. S2†) were obtained, attesting to the
thermal stability of BA as organocatalyst. Exclusive initiation of
the BA-OROP of CL by BD was supported by MALDI-ToF MS
analysis. Fig. 2a shows the Gaussian-like distribution of a
representative PCL with a major population, A, corresponding
to the expected PCL structure [m/z = 90(MBD) + m × 114(MCL) +
23(MNa+)]. The other population, B, eventually corresponds to
PCL chains cationized with Na2I

+.
Polymer number average molar masses, as determined by

SEC (Mn,SEC), showed excellent agreement with Mn values cal-
culated from the initial [CL]0/[BD]0 ratio, with Mn,SEC increas-
ing linearly with monomer conversion (Fig. 1a and b) and dis-
persities remaining low (1.12 < Đ < 1.33; Fig. 2b, c and
Fig. S3†), consistent with a “controlled/living” ROP process.
This was also supported by a chain extension experiment, as
follows (Table S1†). The BA-OROP of CL in presence of BD at
155 °C ([CL]0/[BD]0/[BA]0 = 25/1/1.25) afforded a PCL precursor
with Mn,SEC = 3900 g mol−1 and Đ = 1.11. Addition of 25 eq. of
CL at 155 °C increased the molar mass to Mn,SEC = 7600 g mol−1

after 2 h, while maintaining a low dispersity (Đ = 1.17; Fig. 2d),
confirming efficient re-initiation from the PCL precursor.

To further demonstrate the versatility of this BA-OROP
method, benzyl alcohol (BnOH) and poly(ethylene glycol)
(PEG) were evaluated as initiators (Table 1, entries 7–8).

Well-defined PCL samples were also obtained in both cases,
as shown by the linear increase of molar masses with monomer

conversion (Fig. S4†) and the observation of monomodal and
symmetrical SEC traces from both initiators (Fig. S5 and 6†).

The potential of BA to trigger the OROP of LLA was also
investigated. The same experimental conditions than those
applied to the OROP of CL were first implemented with BD as
initiator (Scheme 2, Table 2, entries 9–15). A reaction was also
carried out at 180 °C (entry 13). Remarkably, such conditions
enabled the synthesis of PLLA’s of controlled molar masses,
with a good concordance between experimental and theore-
tical values, for initial LLA/BD ratio in the range 25–75.
Indeed, Mn,SEC values were found to vary linearly with conver-
sion whatever the targeted DP (Fig. 3a & b, S8†) and dispersi-
ties remained low (Đ < 1.29; Fig. 3a & 4a, b, S9†). As in the case
of BA-derived PCL, 1H NMR analysis of PLA samples showed
diagnostic signals arising from the initiator. One initiator frag-
ment per polymer chain was thus determined, attesting to the
excellent agreement between DPth and DPexp and to the high
end-group fidelity (Fig. S7†). MALDI-ToF MS analysis of a
representative PLLA sample confirmed the incorporation of
the BD initiator (Fig. S10†) with a distribution of peaks consist-
ent with the formation of a α,ω-bis-hydroxy PLA (cationized
with sodium), and a peak-to-peak mass increment of 144
g mol−1 corresponding to the molar mass of a LA monomer
unit. Occurrence of transesterification, i.e. intermolecular
chain transfer, was however evidenced to some extent, through
the presence of signals apart by 72 Da, characteristic of PLA’s
obtained at high temperature.30 However, while PLA’s are gen-
erally coloured when synthesized in bulk from N-containing
organocatalysts,30,59 BA here led to colourless PLA’s (Fig. 4d)
even when performing the OROP reaction at 180 °C.

Chain extension experiments were then successfully
achieved, in this case in presence of 3-phenylpropanol (PPA) as
initiator and BA as organocatalyst. The bulk OROP of LLA at
155 °C ([LLA]0/[PPA]0/[BA]0 = 25/1/1.25) first led to a PLLA with
a final Mn,SEC = 4690 g mol−1 and Đ = 1.34 after 87 h, reaching
88% conversion (Table 2, entry 16). After purification, sub-
sequent addition of LLA and BA ([LLA]0/[PLA]0/[BA]0 = 25/1/
1.25), and heating the reaction mixture to 155 °C, gave a final
PLLA of increased molar mass after 55 h: Mn,SEC of 7170 g
mol−1 and a Đ = 1.32 (Fig. 4c, Table S2†).

After BA was demonstrated to efficiently trigger the OROP
of the two monomers, reaction kinetics were investigated.
Series of BD-initiated BA-OROP experiments were thus con-
ducted at 155 °C using [monomer]0/[BD]0 = 25 at three catalytic
loadings, namely, 2.5, 5 and 10 mol% rel. to the monomer.
Resulting semi-logarithm plots (Fig. 5a–c) showed a pseudo
first-order kinetic plot in the case of LLA monomer. As for the
OROP of CL, kinetics revealed an inhibition period (Fig. 5d).
To gain more insight into such kinetics, benzyl alcohol
(BnOH) was selected as initiator, probing conversion of the
latter by 1H NMR analysis. Methylene protons of BnOH indeed
showed a diagnostic signal at 4.68 ppm, while methylene oxy-
carbonyl-type protons, i.e. after initiation, shifted to 5.09 ppm
(Table S3, Fig. S13†).

As expected, higher OROP rates were observed upon
increasing the concentration in BA. However, first order

Fig. 1 (a) Evolution of uncorrected Mn,SEC (●) and dispersity Đ (×) with
monomer conversion. (b) Evolution of the uncorrected Mn,SEC with
monomer-to-initiator ratios multiplied by the monomer conversion
(entries 3–5–6, Table 1).
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kinetic plots, ln([M]0/[M]) vs. time, revealed an induction
period that was ascribed to a relatively slow initiation (78% of
BnOH was converted after 0.5 h, Fig. S14, Table S3†), linear
evolution being eventually noted after nearly full conversion of
BnOH (98%, after 1.25 h).

Overall, BA-OROP of CL proved faster than that of LLA, con-
sistently with previous findings regarding acidic organocata-
lyts, namely, TFOH and DPP.34,60 Model reactions consisting

Fig. 2 (a) MALDI-ToF mass spectrum of BD-initiated BA-OROP-derived PCL (entry 3, Table 1) with MCL = 114 g mol−1; (b) SEC kinetic evolution
(entry 3, Table 1); (c) SEC comparison between entries 3, 5 and 6; (d) chain extension experiments (see main text).

Scheme 2 BA-OROP of LA.

Table 2 Results and conditions of BD-initiated BA-OROP of LLA in bulka

Entry I Catb (%) [M]0/[I]0 Time (h) CM
c (%) Mn,sec

d (g mol−1) Đd DPth
e DPexp

f

9 BD 0 25 49 69 3660 1.09 17.2 16.5
10 BD 2.5 25 46 87 4750 1.17 21.8 23.4
11 BD 5 25 36.4 87 4620 1.12 21.8 20.7
12 BD 10 25 21 73 4050 1.09 18.2 17.8
13g BD 5 25 10.1 87 4230 1.13 21.7 21.3
14 BD 5 50 69.5 83 8940 1.21 41.4 40.7
15 BD 5 75 110 87 14 540 1.29 65.2 66.6
16 PPA 5 25 87 88 4690 1.34 22 21.6

a Reactions were performed in bulk at 155 °C under argon atmosphere with reaction conditions: mLLA = 200 mg. b Catalyst content vs. monomer.
c LLA conversions were determined by 1H NMR analysis. dUncorrected average molar mass and dispersity (Đ) of crude copolymers determined by

SEC (polystyrene standards), at 313 K and THF as eluent. e Theoretical degree of polymerization DPth ¼ ½M�0
I½ �0

� CM.
fDegree of polymerization cal-

culated from the chain ends thanks to 1H NMR. g Reaction performed at 180 °C.
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in mixing equimolar amounts of BA and each of the two
monomers were analysed by 13C NMR in CDCl3. A clear shift
of the carbonyl carbon of CL, from 176.32 to 176.55 ppm, was
detected, suggesting CL was activated by BA (Fig. S15a†).
Chemical shift was less manifest in the case of LLA
(167.51 ppm to 167.56 ppm; Fig. S15b†), confirming a higher
efficacy of acidic catalysts towards OROP of CL. In addition,
higher loadings in BA (5–10 mol% vs. 2.5 mol%) increased the
apparent propagation rate constant (kapp)of the BA-OROP of CL

by a factor of 2–3, whereas under the same conditions, the
increase of kapp was only 1.25 and 1.38 higher for the BA-OROP
of LA.

OROP reactions were then conducted by varying the concen-
tration of BD at a constant catalyst concentration of 5 mol%
rel. to the monomer. This allowed us to evidence that ln(kapp)
varied linearly with ln([I]0) (Fig. S17 & S19, Table S4, S5†). In
other words, the dependence in initiator for both BA-OROP’s
of CL and LA was first-order, which allowed us to express the
following kinetic equation, where kapp = kp[BA]ϒ0 [BD]0 is the
apparent rate constant and [M] the monomer concentration:

� d½M�
dt

¼ kapp � ½M�

Furthermore, while kapp was found to evolve linearly with
[BA]0 in the case of the OROP of CL (Fig. 5e), a downward cur-
vature was noted in the case of LLA (Fig. 5f). This could be
rationalized by the occurrence of competitive interaction/de-
activation of PLLA hydroxyl chain ends by BA for a high cata-
lyst loading. Similar observations have been made by
Bourissou et al. regarding the TfOH-OROP of CL in which the
apparent rate constant decreased for high TfOH : initiator
ratios.39

Model experiments involving this time mixtures of BA and
BD in various proportions (0.5 < [BA]0/[BD]0 < 5) were moni-
tored by 1H NMR spectroscopy in CDCl3. A progressive shift of
the hydroxy proton of BD was noted as [BA]0/[BD]0 increased,
demonstrating the existence of the H-bonding between the two
components (Fig. S15c & d†).

All these results appear consistent with the occurrence of a
bifunctional mechanism, where both the monomer and the
initiator are activated by the organocatalyst, similarly to pre-
vious reports utilizing stronger organic acids in OROP of cyclic
esters.40,61,62 The mechanism would thus involve protonation
of the carbonyl moiety of the monomer by BA and simul-
taneous deprotonation of the initiator by the conjugated base
of BA enabling the nucleophilic attack (Scheme 3, (1)). Ring-
opening would be assisted by BA (2) leading to a complex
between the ring-opened monomer and the catalyst (3), as
depicted in Scheme 3.

Catalyst and monomer recycling

Among challenges to address in the developing field of
polymer synthesis by organocatalysis, there is still the need for
further investigating the toxicity of organocatalytic systems in
the one hand. Preliminary studies have shown, for instance,
that residual thioureas,63 phosphazenium salt64 and 4-di-
methylaminopyridine65 (DMAP) exhibit some cytotoxicity. On
the other hand, removing the catalyst from the final polymer
may be required, as residual catalyst can induce premature
degradation after polymerization, in particular during proces-
sing.35,66,67 To prevent hazards due to potentially toxic catalytic
species in the final polymers, a purification step is usually
implemented – typically by precipitation utilizing a large
excess of solvent–, which obviously adds to the cost of the syn-
thesis process. It worth mentioning that Paluch et al. devel-

Fig. 3 (a) Evolution of uncorrected Mn,SEC (●) and dispersity Đ (×) of
PLLA with monomer conversion; (b) evolution of Mn,SEC of PLLA’s with
the monomer-to-initiator ratios multiplied by the monomer conversion
(entries 11, 14 and15, Table 2).

Fig. 4 (a) SEC kinetic evolution (entry 11, Table 2); (b) SEC comparison
of entries 11, 14 and15, Table 2; (c) chain extension experiment initiated
by PPA (see main text); (d) picture of a crude PLA obtained after 110 h of
reaction at 155 °C (entry 15, Table 2).
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oped a solvent-free and catalyst-free ROP of CL under
pressure.68 Here we took advantage of the ability for BA to sub-
limate enabling its easy removal from the reaction mixture
after OROP. As CL and LLA can be also readily removed,
respectively, by evaporation and sublimation, this allowed us
to achieve highly pure PLA, PCL and P(LA-co-CL) samples, i.e.
free of any catalyst and monomer residues. The as-recovered
BA could therefore be reused for subsequent organocatalytic
cycles, and due to their easy removal, both monomers could
be recycled too. The equipment we set-up for both organo-
catalyst and monomer recycling is displayed in Fig. 6a, and
practical details are provided in the Experimental part.
Hexane-1,6-diol (HDO) was also evaluated as a potential bio-
based initiator for the BA-OROP of CL, using an initial [CL]0/
[BA]0/[HDO]0 ratio of 25/1.25/1. After reaction at 155 °C for 2 h
(conv. = 91%) a crude PCL with Mn,SEC = 4290 g mol−1 and Đ =
1.12 was obtained. After the aforementioned purification step
was implemented, a PCL sample free of monomer residues
and containing less than 0.15 mol% of BA catalyst was recov-
ered (Fig. 6c), the SEC trace of which nearly superimposed that

of the crude compound (Mn,SEC = 4250 g mol−1, Đ = 1.12,
Fig. S20†), indicating absence of transesterification during the
workup. Both recovered BA and unreacted CL proved chemi-
cally pure (Fig. 6b). Hence, they could be reused for a sub-
sequent organocatalytic cycle that was performed under the
same conditions by adding appropriate amounts of CL
monomer and HDO initiator ([CL]0/[BA]0/[HDO]0 = 25/1.25/1).
The recycling procedure was thus repeated up to 5 times, pro-
viding a PCL always exhibiting very similar features (3740 < Mn,

SEC < 4290 g mol−1 and 1.09 < Đ < 1.12), as summarized in
Fig. 6e. The slight decrease in the catalytic activity observed
after the fifth cycle (Fig. 6d) is ascribed to some loss of BA
after sublimation during purification. Nonetheless, these
results demonstrate that BA can be readily recycled by sublima-
tion and reused without significant loss of its organocatalytic
activity. Furthermore, the process is particularly straight-
forward, fast (5 min) and does not employ any solvent. Not
only could it be implemented for the controlled synthesis of
PCL, but also for that of BA-derived P(LA-co-CL) copolymers
(vide infra; see further).

Fig. 5 Semi-logarithmic kinetic plot of the BA-OROP of CL (yellow squares) [entries 2 to 4, Table 1] and LA (blue diamonds) [entries 10 to 12,
Table 2] using BD as initiator in bulk at 155 °C for [M]0/[I]0 = 25 and (a) 2.5 mol%, (b) 5 mol% and (c) 10 mol% of BA catalyst rel. to the monomer. (d)
Semi-logarithmic kinetic plot of BA-OROP of CL using 2.5 mol% of BA catalyst. The plot of the kapp vs. the catalyst concentration [BA]0 for the
BA-OROP of (e) CL and (f ) LA.

Scheme 3 Proposed bifunctional mechanism proposed for the ROP of a lactone catalyzed by benzoic acid (BA).
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Synthesis of block and statistical copolymers. As controlled
synthesis of PCL and PLLA, utilizing BA as organocatalyst, was
established, this prompted us to prepare both block and stat-
istical copolymers based on PLLA and PCL. Synthesis of tri-
block copolymers was first investigated by sequential BA-OROP
in presence of BD as initiator. As depicted in Scheme 4, mono-
mers were introduced either by adding LLA and CL in this
order or in the other, i.e. CL first then LLA (see Experimental).
A very well-defined PLLA-b-PCL-b-PLLA triblock copolymer
could be obtained as follows. An α,ω-bis-hydroxy PCL (Mn,SEC =
4240 g mol−1, Đ = 1.12, entry 1, Table S6†) was isolated before
BA-OROP of LLA ([LA]0/[BA]0/[PCL]0 = 25/1.25/1) that was con-
ducted at 155 °C for 26 h, reaching 75% conversion.
Formation of the block copolymer was attested by a clear shift
of its SEC trace to the higher molar masses, compared to that
of the parent PCL diol (Mn,SEC = 7730 g mol−1; Đ = 1.14;
Fig. 7c, entry 1, Table S6†). Analysis by 1H NMR confirmed the

presence of both PLLA and PCL blocks, as illustrated in Fig. 7
showing the representative protons of both blocks, and
protons of hydroxyl-methylene PCL end-groups at 3.6 ppm that
totally vanished (Fig. 7a), in favor of hydroxyl-end protons in
alpha position to the methine end-group of PLLA at 4.36 ppm
(Fig. 7b). Furthermore, experimental molar masses were very
close to theoretical values. Thus, triblock copolymer synthesis
could be readily accomplished by sequential BA-OROP of CL
and LA in this order, using BD as initiator. In contrast,
attempts to reverse the order of the two monomers, i.e. by poly-
merizing LLA first to achieve a PCL-b-PLLA-b-PCL triblock
copolymer met with limited success (entry 2, Table S6†).
BA-OROP of CL from the α,ω-bis-hydroxy PLLA precursor
(Mn,SEC = 4200 g mol−1; ĐM = 1.15) proved indeed extremely
low (conv. = 27% after 2 h). This might be explained by a slow
initiation of CL from the secondary OH end-groups of PLLA, as
observed by NMR showing indeed a remaining signal due to

Fig. 6 (a) Picture of recycling setup; (b) 1H NMR analysis performed of BA and CL recovered from vacuum treatment of Schlenk 1; (c) 1H NMR ana-
lysis performed on the product purified by vacuum treatment: only PCL initiated from the 1,6-hexanediol; (d) bar graph showing the conversion of
CL for each run; (e) normalized SEC traces from RI detector of pure PCLs (THF, 313 K, 1 mL min−1).

Scheme 4 Synthesis of triblock copolymers by BA-OROcP pathway (n = n1 + n2 and m = m1 + m2).
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these protons (Fig. S24†). Such hypothesis has been confirmed
by initiating the BA-OROP of CL at 155 °C from butane-2,3-diol
for an initial monomer-to-initiator of 30 (Table S7†). As com-
pared to the same reaction performed from a primary alcohol
(Table S7,† entry 1), initiating the BA-OROP from a secondary
alcohol reduces considerably the overall polymerization con-
version while increases the PCL dispersity (Table S7, entry 2
and Fig. S25†).

We were also curious to examine the result of a BA-OROcP
of the two monomers as a means to access PLLA-stat-PCL stat-
istical copolymers. As emphasized above, developing efficient
catalysts for that purpose is demanding.22,35,41,60,69–72 Although
CL is usually polymerized faster than LA in homopolymeriza-
tion, the opposite situation is eventually observed in ROcP of
both monomers, LA being incorporated faster than CL, which
leads to the formation of gradient-type copolymers rather than
statistical ones.22 In this context, use of organocatalysts in ROcP
reactions has received very little attention.35,41,60,69–72 To the
best of our knowledge, only two acidic organocatalysts have

enabled to trigger random-like ROcP, including TfOH and
dibenzoylmethane.60,71,73 With basic organocatalysts, such as
phosphazenes,69 N-heterocycliccarbenes,70,72 or 1,5,7-triazabi-
cyclo[4.4.0]dec-5-ene35 guanidine, only LA was inserted imped-
ing statistical copolymer synthesis.

In a preliminary study, BA was here tested for the OROcP of
CL and LLA under the same conditions described above for
homopolymerization reactions of each monomer, i.e. at 155 °C
under solvent-free conditions and using the following molar
ratios: [LA]0/[CL]0/[BA]0/[BD]0 = 25/25/2.5/1 (Scheme 5).
Monitoring the reaction by 1H NMR revealed, to our delight,
that both monomers were simultaneously inserted in the copo-
lymer chain (Fig. S26†). The 1H NMR spectrum of a purified
copolymer allowed us to determine an overall composition in
full agreement with proportions in co-monomers used in the
feed ratio (Table S8, fCL = FCL; Fig. S27†). Very importantly, the
presence of both homo- and heterodiads was unambiguously
detected, with an estimated proportion of CL–CL homo-
sequences of 1.2 times higher than that of CL–LA hetero-

Fig. 7 1H NMR spectra comparing: (a) PCL macroinitiator and (b) PLA-b-PCL-b-PLA triblock [CDCl3, 400 MHz]; (c) normalized SEC traces from RI
detector of PCL (black dashed line) and corresponding triblock copolymer (uncorrected Mn determined by SEC in THF, 313 K, 1 mL min−1, PS
standards).

Scheme 5 Synthesis of random-like copolyesters by BA-OROcP of CL and LLA (q = q1 + q2 = m + n).
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sequences. In addition, the controlled character of OROcP
process was evidenced both through (i) a linear evolution of
Mn,SEC values with monomer conversion (Fig. S28†), (ii) for-
mation of copolyesters of narrow molar distribution (Đ < 1.16),
and (iii) experimental DP values matching theoretical ones
(Table S8†). DSC analysis was performed on the copolymer
revealing a glass transition temperature of −11.6 °C, which
agreed well with that calculated from the Fox equation
(−11.8 °C). Such result is thus consistent with a statistical
structure of the copolymer, and appears in agreement to the
literature data (Fig. S29†).74 Last but not least, recyclability of
both monomers and of the BA organocatalyst was also possible
in this case (see Experimental), since up to 5 recycling could
be executed, though with a slight loss of catalytic activity after
the fourth and fifth cycles (Fig. S21†).

A detailed investigation into this BA-mediated OROcP
process, including determination of reactivity ratios and calcu-
lations by density functional theory will be the topic of a forth-
coming publication.

Conclusions

This study reports for the first time the use of benzoic acid
(BA) as simple, naturally occurring, cheap, thermally stable
and readily recyclable weak acid organocatalyst for the metal-
free synthesis of (co)polyesters based on poly(L-lactide) (PLLA)
and poly(ε-caprolactone) (PCL). BA is shown to promote the
organocatalyzed ring-opening polymerization (OROP) of both
ε-caprolactone (CL) and L-lactide (LLA) in bulk at a rather high
working temperature (155–180 °C), in presence of various alco-
hols as initiators, with an appreciable degree of control over
molar masses and dispersities of the resulting aliphatic poly-
esters. A bifunctional mechanism involving activation by
H-bonding of both the monomer and the alcohol initiator is
proposed to operate. The controlled character of this BA-OROP
process can be exploited to synthesize triblock copolymers by
sequential OROP, though only by adding CL and LLA in this
order to achieve, for instance, PLLA-b-PCL-b-PLLA triblock
copolymers, using a diol as initiator. In addition, and particu-
larly interestingly, use of BA enables to tackle a difficult chal-
lenge in polymer chemistry by an organocatalytic pathway,
namely, statistical copolymer synthesis from CL and LLA,
making BA a very versatile organocatalyst to engineer PLLA
and PCL in different architectures. Finally, advantage of the
capability for BA to sublimate was taken to recycle and reuse it
in further organocatalytic cycles, without using any solvent,
affording highly chemically pure PCL-and PLLA-based ali-
phatic (co)polyesters. Overall, these investigations broaden the
scope of organocatalysis in macromolecular synthesis, by pro-
viding an alternative and green synthetic method to bio-
degradable, biocompatible and aliphatic (co)polyesters based
on PLA and PCL free of any catalyst and monomer residues.
This can be accomplished through the use of BA as weak acid-
type organocatalyst combined with a straightforward purifi-
cation procedure of the crude (co)polymers.

Experimental
Materials

L-Lactide (L-LA, 98%, TCI) was recrystallized three times from
toluene and dried under vacuum for two days. ε-Caprolactone
(CL, 99%, ACROS), benzyl alcohol (BnOH, 99%, ACROS),
butane-1,4-diol (BD, 99%, VWR) and 3-phenylpropanol (PPA,
99%, Alfa aesar) were dried over CaH2 for 48 hours prior to
their distillation under reduced pressure and were stored on
molecular sieves. Poly(ethylene glycol) (PEG1000) (Fluka, Mw

∼1000 g mol−1) and hexane-1,6-diol (HDO, 97%, Alfa aesar)
were dried via three azeotropic distillations of tetrahydrofurane
(THF). Benzoic acid (BA, 99%, ACROS) was recrystallized once
and dried via two azeotropic distillations using toluene.
Compounds were stored in a glove box (O2 ≤ 6 ppm, H2O ≤
0.5 ppm). Tetrahydrofurane solvent was dried using a MBraun
Solvent Purification System (model MB-SPS 800) equipped
with alumina drying columns. Toluene was dried using a SPS
from Innovative technology and stored over polystyrylithium.

Methods

NMR spectra were recorded on a Bruker Avance 400 (1H, 13C,
400.2 MHz and 100.6 MHz respectively) in CDCl3. Molar
masses were determined by size exclusion chromatography
(SEC) in THF (1 ml min−1) with trichlorobenzene as a flow
marker at 313.15 K, using refractometric (RI) detector.
Analyses were performed using a three-column TSK gel
TOSOH (G4000, G3000, G2000). The SEC device was calibrated
using linear polystyrene (PS) standards. Positive-ion
MALDI-Mass Spectrometry (MALDI-MS) experiments were
recorded using a Waters QToF Premier mass spectrometer
equipped with a Nd:YAG (third harmonic) operating at 355 nm
with a maximum output of 65 µJ delivered to the sample in 2.2
ns pulses at 50 Hz repeating rate. Time-of-flight mass analyses
were performed in the reflectron mode at a resolution of about
10 000. All samples were analyzed using trans-2-[3-(4-tert-butyl-
phenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) as
matrix, which was prepared as a 40 mg mL−1 solution in
CHCl3. This solution (1 μL) was applied to a stainless-steel
target and air-dried. Polymer samples were dissolved in THF to
obtain 1 mg mL−1 solutions and 50 µL of 2 mg mL−1 NaI solu-
tion in acetonitrile was added to the polymer solution.
Therefore, 1 μL of this solution was applied onto the target
area already bearing the matrix crystals, and air-dried. For the
recording of the single-stage MS spectra, the quadrupole (rf-
only mode) was set to pass all the ions of the distribution, and
they were transmitted into the pusher region of the time-of-
flight analyzer where they were mass analyzed with 1 s inte-
gration time. Data were acquired in continuum mode until
acceptable averaged data were obtained. Differential scanning
calorimetry (DSC) measurements were carried out with a DSC
Q100 LN2 apparatus from TA Instruments under helium flow.
The PCL samples were heated for the first run from −130 to
100 °C, then cooled again to −130 °C and heated again for the
third run to 100 °C (heating and cooling rate 10 °C min−1).
While PLA samples undergo 3 runs between −40 °C and
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200 °C and P(LA-co-CL) between −70 to 200 °C. Glass tran-
sition temperatures (Tg) and melting temperatures (Tm) were
measured from the second and first heating run respectively.

Synthetic procedures

General procedure for homopolymerization of CL or LLA. In
a glove box, previously flamed 10 mL Schlenks were charged
with the monomer CL or LLA (0.2 g), BA catalyst (2.5, 5 and
10 mol% as compared to the monomer) and a stir bar. Then
the initiator (BnOH, BD, PPA or PEG1000) was added via a 5 or
10 µL syringe. Schlenks were carefully sealed before being
immersed in an oil bath preheated at the desired temperature
(155 °C–180 °C). From time to time, one Schlenk was removed
from the oil bath to follow the kinetic of polymerization by 1H
NMR and the average molar mass (Mn) and dispersity (Đ) by
SEC. The purification consists in applying vacuum to the
Schlenk at 155 °C with a high stirring rate. The CL monomer
can be evaporated while BA catalyst and LA monomer are
sublimated.

General procedure for block copolymerization of LLA and
CL. In a glove box, previously dried 10 mL Schlenks were
charged with the first monomer LLA (0.2 g, 1.4 mmol) or ε-CL
(0.2 g, 1.75 mmol), the BA catalyst (5 mol% vs. monomer) and
a stir bar. Then the BD initiator (DPth = 25) was added via a
10 µL syringes. The Schlenks were carefully sealed before
being introduced in an oil bath preheated at 155 °C. After 2 h
or 36 h of polymerization for CL or LLA monomers, respect-
ively, the Schlenk is introduced in the glove box in order to
collect a sample to estimate the conversion via 1H NMR and to
determine the average molar mass (Mn) and dispersity (Đ) by
SEC. The polymers were then purified by applying vacuum to
the Schlenk at 155 °C with a high stirring rate. The Schlenk is
again introduced in the glove box in order to add again the
catalyst (5 mol%) and a certain amount of second monomer to
target DPth = 25. The polymerization is restarted by immersing
the Schlenks in the oil bath for 2 or 26 hours in the case of CL
and LLA OROP, respectively.

General procedure for random copolymerization of LLA and
CL. In a glove box, previously dried 10 mL Schlenks were
charged with an equimolar ratio of LLA (0.2 g, 1.4 mmol) and
CL (0.158 g, 1.4 mmol), the BA catalyst (16.9 mg, 1.39 × 10−1

mmol) and a stir bar. Then the BD initiator (4.9 µL, 5.54 ×
10−2 mmol) was added via a 10 µL syringe. Schlenks were care-
fully sealed before being introduced in an oil bath preheated
at 155 °C. From time to time, one Schlenk was removed from
the oil bath to follow the kinetic of polymerization by 1H NMR.
The polymers were then purified by applying vacuum to the
Schlenk at 155 °C with a high stirring rate and the average
molar mass (Mn) and dispersity (Đ) were analyzed by SEC.

General procedure for purification by vacuum. In a glove
box, a previously flamed 20 mL Schlenk was charged with the
monomer CL (1 g, 8.76 mmol), BA catalyst (53.5 mg, 4.38 ×
10−1 mmol), the initiator HDO (41.4 mg, 3.5 × 10−1 mmol) and
a stir bar. The Schlenk was then introduced in an oil bath pre-
heated at 155 °C for 2 hours. After the polymerization, the
mixture was cooled down and the Schlenk 1 is reintroduced in

the glove box in order to collect a sample for 1H NMR and SEC
analyses and is then connected via a bridge to another flamed
Schlenk 2. Schlenk 1 containing the crude polymer was then
introduced in an oil bath preheated at 155 °C while vacuum
(0.1–0.2 mbar) was applied to Schlenk 2 and cooled thanks to
liquid nitrogen. After heating the bridge with a heat gun, a
high stirring rate (800 rpm) was applied to the Schlenk 1 in
order to collect in Schlenk 2, the unreacted CL monomer, the
BA catalyst. Overall, the vacuum treatment in the oil bath at
155 °C lasted 5 minutes with some interruptions in order to
heat again the bridge. The pure polymer is then cooled down
and the assembly is introduced in the glove box. Schlenk 2
containing the unreacted monomer and the catalyst was
charged with HDO (41.4 mg, 3.5 × 10−1 mmol) and the differ-
ence of monomer in order to reach 1 g (calculated thanks to
the conversion by 1H NMR). Finally, Schlenk 2 was introduced
in the oil bath preheated at 155 °C for 2 h. The cycle was
repeated 5 times.

The same procedure was applied for the copolymerization
with the following conditions: LLA (0.6 g, 4.163 mmol), CL
(0.475 g, 4.163 mmol), BA (51 mg, 4.16 × 10−1 mmol) and BD
(15 mg, 1.67 × 10−1 mmol). The ROcP was conducted for
27 hours.
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